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. ABSTRACT

- An optimization method i1s coupled with & harmonis
- lattice - dynamics approximation to determine the minimum
- energy structures and magnetic orientations of solid 0,. It
—~1s shown that :the.magnetic interaction ds reSponsibfe for
- the stability of o-~0, with respect to B-0, at zero
—~ temperature and pressure. The calculated a-0, lattice pa-
— reémeters, magnetic orientatione,: and sublimation energy -are -
- in good agreement with experiment. Phonon dispersion curves
—are calculated:: and _the “acoustic:: sound.-velocities  zre’
— determined. The B-0, phase is described by constraining the
- magnetic moments so that. the magnetic Hamiltdnian preserves
- the hexagonel symmetry of the crystal. The calculated
— lattice parameters are in good agreement with.experiment ard
—a three-sublattice, quasi-helical magnetic orientation is
—predicted from structural and energetic . considerations. ‘- A
—soft mode ipduced phase transition from the momoclinic a
~structure to the orthorhombic oramge oxygen structure is
—predicted at approximately 6 kbar. No wvolume change is
— observed at the transition. The pressure dependence of the
—intramolecular stretching mode is also calculated and it is
—shown to exhibit very little dispersion.

— INTRODUCTION

— Oxygen is unusual in that it embodies both the properties of

2

* Colorado State

--molecular solid aund a magnetic material. The magnetic character results
- from two unpaiied p shell electrons in the wmolecule, gi.ing it spin
-5 = ], The lowest temperature phase at zero pressure forms a monoclinic
-C2/m structure, [l1) often called a-0,, wiere the molecular axes are
- colinear 4nd normal to the close packed basel plane, an defined by the

lattice vectors a, b on Fig. la. The magnetic moments are known to

be

colinear and perpendicular to the molecular axes.(2) The arrows Jn

-Fig. la show the magnetic moment directions, which give rise to
.antiferromagnetic structure.

an

At zero applied pressure and Tw»23.8 K, a phasec transition occurs
into the rhombohedral Rim B=0, structure.[3] The highest~density plane
is hexagonal with a three-layer repeat pattern. This plane and the next
twvo layers, identified by crosses and zeros, are shown in Fig. 1b. The
molecular axes lie along the ¢ axis perpendicular to the hexagonal plane.

Experimental information about the magnetic properties of B-OE glves
s

a sopewhat conflicting picture.(4-6) The magnetic susceptibility

mot e
antiferromagnetic in character than paramagnetic([6-8] However, the neu-

tron scattering work of Collins [2) shows litiLle evidence of long-range
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antiferromagnetic order even though there are some unexplained features
in the spectrum.[4-5] As a consequence of the experimental situationm,
B-0, has been predicted to be either paramagnetic or to have short range
antiferromagnetic order. (4,6,7] Recent experiments even suggest the
possibility of long-range crder.[8] Anothier prediction [7] postulated to
help explain several features of 02 in the vicinity of the a-f transition
is that the magnetic moments reorient from the colipear a arrangement
into an orientation in which all nearest neighbors are at 2n/3 with re-
spect to one another. This rearrangement is supposed to occur in a
narrow temperature interval around that transition and then persist into
the B phase. The basal-plane asrrangement is shown by arrows in Fig. 1lb.

Another phase that has recently been obsarved [9] 1is the
orthorhombic Fommm, '"orange' oxygen structure. The molecular axes appear
to be colirear and normal to the ab plane. It has been observed over a
temperature range 240 ¢ T € 300 K at pressures 70 < P < 100 ktar. It 1is
not known how low in temperature and pressure this phase persists. The
phase diagram for O, is shown on Fig. 2, where the solid lipes are fairly
well established and tho dashed lines are tentative. '

Previous calculations t10¥13] have failed to prédicf the observed
low tewperature stebility of the a phase over the EB-phase and it has bcen
conjectured that the 'reason for this failure is the lack of a uagnetic
interaction in the total potential. Therefore, our task has been to
construct a potential of the following form.

Ug = -2 | J(Ryy) si . sj (2)
1<)

and J(Ry is the exchange emergy between two molecules with center of

i)
~ mass sepa%ation R,y and S; is a unit vector specifying the direction of
j the magnetic mowent of molecule i. The snisotropic terms neglected in U,
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make negllgible contributions to the crystal energy and structures, but
they are important in establishing the direction of the magnetic moments
with respect to the crystal body axis.[6,7,14) This feature s described
here by applying constraints on the {S }. For J, we have used recent
magnetic susceptibility datz [8) taken over pressures 0 < P < 6 kbar. It
takes the form J(R) = J_ exp [-Y(R-R_}, where a = 4.3 A'l R, = 3.2 A, and

= 28.25 K, which 1s determined from the observation[B] that the value
o? J at nearest neighbor separation R, 1s J(R,,) = 36 K. The
intramolecular potential Uintra is expressed by the quadratic and cubic
terms in a Taylor series expansion about the gas phase equilibriur bond
length. [15]

In the paramagnetic gas phsase the expectation values <Uintra> and
<U,> equal zero so the total potential U Thus U, is the gas phase
potential and the following atom-atom form haé been adopted.

Ug = 23 52 { A exp [-a rg (i j)] - B/r (1,3) ) + Ugqq (3)
where r_(1,j) is the distance between non-bonded stoms of moli«cules i and
-3 Ug is the electric quadrupole =~ .quadrupole interaction. A point
charge model is used to describe this interactinn where the distence be-
. tween charges on the molecule is adjusted to yield the observed quadruple
moment. [16) The parameters a, A, and B heve been determined to yield a
- best overall fit to ‘the second virial coefficients [17] and mulecular
- beam scattering data. [18] The wvalues of the parameters (a,A,B)
determined 1in this way are (3.68 A7, 1120.6 eV, 12.91 eV A6). Thus.
solid properties will be determined from a potential derived from only
- gas phase and susceptibility dats, and 1t is othervise unadjusted.

. III. Method

The total rpotential energy Up 1s evaluated usirg a pattern search
optimization scheme which minimizes the energy with respect to all the
independent lattice parameters, including the intramolecular separation
d. These parameters are then ured in a harmonic lattice-dyrnamics calcu-
lation #nd the quantum mechauical expectation value of the Hamiltonian,
including zero-point contributiors, is evaluated. The lattice parameters
are then isotropically varied until the free energy is mirimized. A new
pattern search is initiated at thit volume and new lnttice parameters are
determined. With these lattice puraneters a new Jlattice-dynamics calcu-
lation is initiated and the free evcrgy is minimized with respect to the
volume. This procedure is centinued wuntil convergence {8 reached,
generally after one iteration. A' pressures P # O, the same procedure is
used subject to the constraint of a specific volume. Dexails of the op=-
timization scheme are given elsevhere [19] and lattice sums are taken out
to 12 A.

RESULTS AND DISCUSSION

A {ree variation of ¢the lattice paramcters a, b, ¢, B, und the
intramolecular separation d at T=0 shows that the min wum-energy configu-
ration is the monoclinic a=0, structure. To tast for stahility the ini-
tial structure used in the pattern-search optimization of U was widely
varied and u—02 was invariably predicted as Lhe Jowest-energy structure.

The calculated zero pressure equilibrium volums lattice parameters
ard binding energy E, {.e. (V,a,b,c,B8,E) = (71.06 cm”/mole, 3.24A, 3.49A,
5.03A, 120.5%%, 1022K), compare favorably to rhe experimental values (20)
of (20.8] cw’/mole, 5.375 A, 3.42 A, 5.065 A, 132.18°, 1042 K). The
nearest neiphbor distance ie 3.15 A compared to the experimentsl value of



3.186 A. 8 is the angle between & and c. These results show that the
magretic interation is responsible for distorting the basal plane of 0,
fro. e hexagonal symmetry associated with the B structure, because 1t
is ki. m that the other termws in Eq. (1) cannot breek thzt symmetry.

Fcr B=0,, calculations were performed for a veriety of magnetic
structur-s where U  does rot break the known hexagonal sycmetry. Results
based u;on the assumptions that 8-0, is either paramagnetic or in the
quasi-helical structure, shown in Fig. %lb.), are zs followi. For the
peracagnetic case at the experimental volume of 21.02 c¢m”/mole at T =
23.8K, the results for the lattize parameters (b, ¢) are (3.267, A,11.342
A) and, based upon the quasi-helicsal structure they are (3.24A, 11 S4R),
compared with the experimentel results {20] of (3.272 A, 11.295 A).
Moreover, the system properly relaxes into the rhombohedral B - O, struc-
ture. Clearly, both of tlese possible megnetic arrangements give good
predictions for the structure and the lattice constants. Of all the mag-
netic orientations investigated the gquasi-helical structure gives the
lowest energy. On the basis of this and the strength cf the magnetic in-
teraction we predict that the quasi-helical structure, with long range
antiferromagnetic order, 1s the most probable state of B - 0O,. Recent
spin polarized neutron scattering results [2]1] seem to corroborate that
prediction.

The calcularid isothermal compressibility at T = OK and low pressure
is K= 2.6 x 107** cm /dvne, compared to the experimenta} dats [20] ex-
trapolated to zero teuperature of K, = 2,76 x 107 /dyne. The
calculated pressure is displayed by the sogid line on Fig. 3. Keeping it
mind that this is a zero temperature isotherm, only the experimental data
. points desiguated by the square [22) and the triangle [20] are at euffi-
ciently low temperature to ignore thermal eipansion [23). These points
agree quite well with the calculation. The circles represent the
experimental data of Stewart [24) at T = 5]1K. To compare that data with
our T = 0 isotherm an approximate thermal pressure P; was calculeted.

The dashed line represents our calculated T = 51 K dijotherm,
determined wusing Pyr. Up to P = 6 kbar the results are in good agreement
vith Stewart’s data [24) but tha curve falls increasingly below experi-
rnent as the pressure is increased. It is not clear vhether this discrep-
ancy is » consequence of the highly approximate determination of P, or
due to a deficiency in the potential Up. It is apparent, however, that
the recults are an improvement over those calculated from the
English-Venables notential, [13) which is shown by the dot-dashed line
for the T = 51 K isotherm. Figure 4 shows the zero pressure dispersion
curves, where L_ and denote librational modes about the a and b axes,
respectively. ngilarly Ty (L = a,b, or z) designates translational
vibrations along the i axis. The dispersion of the internal O, stretch
mode is not shown but it 18 essentially flat, with a decrease of
approximat el¥ 1.5 em™ £from zone center tu zone edge at P = zero, and
about 10 cm™" at P = 70 kbar. This is consistent with the notion that
the high frequency stretch mode is essentially decoupled from the much
lower acoustic and libron modes. The zero pressure dispersion curve
shown on Fig. 4 18 quantitatively different from the earlier work of
Kobashi, et ¢l. [10) because of the magnetic interaction in our model and
because our crystal structure is totally relaxed and in equilibrium. One
feature we do have in common with several previous calculations
(10,25,26) 1is that the two k = 0 librational modes have nearly the san
frequency (46 and 52 cm 1). The observed Raman bands at 44.5 and 79 cm
were assigned to the L  and modes, respectively. TFor several reasons

elucidated by previous workers (28) wi believe these assignments are not
tr e amr®uallv nrridonrally doubly
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- degenerate and the one at 79 cn™! is probably a two 1libron band. The

acoustic sound velocities at P = 0 for the T , and T modes, respect-
ively, are (1.2, 1.5, 0.75 km/sec), (1.6, 1.5, ? 2 km/Sec), and (1.0,
0.9, 2.0 km/sec) for k|| a x e, k Il b x ¢, &end k || a x b,
respectively. ~ ~ -~ ~ ~ ~ -~

The dispersion curves at higher pressures are qualitatively similar
- to those at P = 0 and the frequencies scale upward nearly uniformly with
pressure. However the transverse acoustic shea.” mode T_ with propagation
vector k perpendicular to the ab plane shows a softening from 0 < P < 6
kbar, where normal behavior with pressure commences.

Soft mode behevior suggests the possibility of a phase transition
and an angle B’ can be defined for the monoclinic structure which becomes
orthorhombiz when B’ = n/2. In this work B° decreases rapiily with
pressure to a value of 7n/2 at 6 kbar where it remains to the highest
- pressures calculated. This behavior in addition to the soft mode and the
noticeable change with pressure in the lattice parameters near 6 kbar
clearly show that a monocliniz to orthorhombic phase transition occurs
near P = 6 kbar. An investigation of the P-V results shows no volume
change or other evidence of the transition. This is not surprising sin.e
the transition 1is effected by a simple shear. We therefore speculete
that the phase change is not first order. The structure and molecular
orientations of this mnew phase are same as the Fmmm "orange" structure
vhich has been observed [9) at high pressures and temperatures, as shown
in Fig. 1. It is therefore natural to assume that this predicted new
phase is just the continuation of the observed '"orange' oxygen phase down
to low temperatures and pressures.

The authors wish to express their appreciation to R. L. Mille, B.
Olinger, D. Schiferl, E. LeSar, and J. W. Shaner for very nelpful
discussions about the experimental data and its relation to this work.
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